The development of new energy storage technologies is central to solving the challenges facing the widespread use of renewable energies. An option is the reduction of carbon dioxide (CO 2 ) into carbonbased products which can be achieved within an electrochemical cell. Future developments of such processes depend on the availability of cheap and selective catalysts at the electrode. Here we show that a unique well-characterized active electrode material can be simply prepared via electrodeposition from a molecular copper complex precursor. The best performances, namely activity (150 mV onset overpotential and 1 mA cm À2 current density at 540 mV overpotential), selectivity (90% faradaic yield) and stability for electrocatalytic reduction of CO 2 transformation into energy-dense organic compounds is currently emerging as an exciting strategy in the context of the development of new energy technologies. 1-9 It indeed (i) allows storage of intermittent and diluted renewable energy sources (wind and sun) in the form of concentrated chemical energy (chemical fuels and industrial chemicals conventionally derived from petroleum), (ii) may contribute to limit the accumulation of CO 2 , a gas with greenhouse effect, in the atmosphere, and (iii) generates a global carbon-neutral and circular energy system. Practically this can be achieved through electro-reduction of CO 2 within electrochemical cells ideally powered by wind turbines or photovoltaic panels.
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The development of new energy storage technologies is central to solving the challenges facing the widespread use of renewable energies. An option is the reduction of carbon dioxide (CO 2 ) into carbonbased products which can be achieved within an electrochemical cell. Future developments of such processes depend on the availability of cheap and selective catalysts at the electrode. Here we show that a unique well-characterized active electrode material can be simply prepared via electrodeposition from a molecular copper complex precursor. The best performances, namely activity (150 mV onset overpotential and 1 mA cm À2 current density at 540 mV overpotential), selectivity (90% faradaic yield)
and stability for electrocatalytic reduction of CO 2 CO 2 transformation into energy-dense organic compounds is currently emerging as an exciting strategy in the context of the development of new energy technologies. [1] [2] [3] [4] [5] [6] [7] [8] [9] It indeed (i) allows storage of intermittent and diluted renewable energy sources (wind and sun) in the form of concentrated chemical energy (chemical fuels and industrial chemicals conventionally derived from petroleum), (ii) may contribute to limit the accumulation of CO 2 , a gas with greenhouse effect, in the atmosphere, and (iii) generates a global carbon-neutral and circular energy system. Practically this can be achieved through electro-reduction of CO 2 within electrochemical cells ideally powered by wind turbines or photovoltaic panels. 10 Unfortunately the reactions involve multiple electrons. Therefore they are generally limited by very low kinetics which translate into large overpotentials (thus with signicant energy losses) as well as by low selectivity since a variety of CO 2 -derived products (CO, HCOOH, oxalate and, to lower extents, methanol or hydrocarbons) together with molecular hydrogen can be produced at the same time. 6 The latter derives from the parallel reduction of protons required for CO 2 activation.
A key technological challenge thus resides in the development of active electro-catalysts, for reducing CO 2 with signi-cant current densities at low overpotentials, in reactions displaying high selectivity and faradaic yield for a given CO 2 -derived product. In particular, the production of liquid fuels such as formic acid 11 or methanol, 12 tting into existing infrastructure for fuel transportation and distribution, is an attractive target. A number of electrocatalytic materials have been assayed under alkaline aqueous carbonate solutions. 6 However, recent studies [13] [14] [15] [16] [17] were carried out in non-aqueous media such as organic solvents and ionic liquids, since they offer larger CO 2 solubility and an easy control of H 2 evolution through tuning of water concentration. This allowed the development of novel materials for example based on MoO 2 , 16 Bi 13,14 or B-doped diamond 15 reducing CO 2 at low overpotential with good selectivity. Molecular metal complexes 1,2,5,6 constitute another interesting class of such selective electrocatalysts 18 operating at low overpotential in organic solvents. Their activity can be synthetically tuned through ligand variations. To date, only one copper coordination compound has been reported as an electrocatalyst for CO 2 reduction. 19 In the course of a study aimed at identifying novel Cu-based molecular CO 2 -reducing catalysts, we found that a composite material could be electrodeposited on the electrode. This Cu-based material, which has been extensively characterized and shown to retain the organic ligand from the copper precursor, displays remarkable activity, selectivity and stability for electrocatalytic reduction of CO 2 into formic acid, a product of wide industrial applications.
Results and discussion
Continuous voltamperometric cycling at a uorine-doped tin oxide (FTO) electrode dipped into a CO 2 Fig. 1 ) respectively, and tentatively assigned to a Cu-based process. 20, 21 This feature revealed an electrodeposition reaction in agreement with the observation of a blue material at the surface of the electrode (inset in Fig. 1 , in the following "blue material" will be used to name this novel Cu-based electrodeposit). In addition, the cyclic voltammograms display an intense current wave, with an onset at À1.60 V vs. Fc + /Fc, reecting an electrocatalytic process. Importantly, scanning over this electrocatalytic process was a requirement for the deposition of the blue material. No electrodeposition and no electrocatalytic wave could be observed when CO 2 or water was removed from the reaction mixture, thus strongly suggesting electrocatalytic CO 2 reduction. The cyclic voltammogram (red trace in Fig. 1 Formic acid was produced with a faradaic yield of 88 AE 3%, H 2 evolution accounting for the complement. No formic acid production could be detected when a blank FTO electrode was used under the same conditions (Fig. S7 †) . Interestingly, the electrodeposited material proved signicantly more active, with larger current density values at steady state and higher faradaic yield for formic acid production, than an electro-polished polycrystalline Cu plate, a metallic Cu deposit 22 or electrodeposited copper(I) oxide 23 with comparable electroactive surface areas, determined via standard methods (Fig. S8 †) . Fig. 3 which the rst electron transfer to adsorbed CO 2 is the ratedetermining step. 25 The catalytic current then reaches a plateau ($1 mA cm À2 ) for overpotentials larger than 540 mV and corresponding to the above-mentioned optimized conditions. Characterization of the blue material on the most active electrode was carried out using a variety of methods. coated by nanoparticles ($100 nm in diameter, Fig. 4) surrounded by signicantly larger particles (few mm in diameter) consistent with a deposit thickness of 1.5 mm as determined by atomic force microscopy (AFM) (Fig. S9 †) . Optical microscopy conrmed this observation with the large particles and the background coating appearing as red and blue respectively. Energy Dispersive X-ray (EDX) spectroscopy indicated the presence of mainly Cu and O atoms in the large particles while the nanoparticles contained higher amounts of C, N and O with regard to Cu atoms (Fig. S10 †) . X-ray photoelectron spectroscopy (XPS) analysis (Fig. 4) conrmed the presence of carbonbased material: a broad peak with binding energies from 280 to 287 eV, in the C 1s orbital region, could be simulated with a mixture of C-N, C-O, C-H and C]O features. Nitrogen was also observed as a double peak between 394 and 400 eV in the N 1s region, likely reecting a secondary amine as found in the cyclam ligand and quaternary ammonium ions from the supporting electrolyte. Finally analysis of the Cu 2p 1/2 region revealed the presence of Cu(I), in the form of Cu 2 O, and/or metallic copper, together with Cu(II), potentially coordinated to formate or carbonate/bicarbonate as found in some coordination polymers.
27 X-ray absorption spectra collected at the copper K-edge indicate the presence of three contributions to the blue catalytic lm. The main maximum of the XANES spectrum (around 8997 eV in Fig. 5A ) is indicative of light ligand atoms (O/N/C); its low intensity renders octahedral coordination unlikely. The pronounced shoulder at 8982 eV suggests a major fraction of Cu(I) ions coordinated by two light ligands, as found in Cu 2 O. By simulations we determined about 20% of copper metal (Fig. 5B ) and about 30% of Cu(II) ions (Fig. 5A) , likely coordinated by four light atoms (O/N/C); comparison with various CuO and Cu(II) compounds did not allow a more precise speciation of the latter (Fig. S11 †) . The remaining contribution was identied as Cu(I) ions, most likely coordinated by two light atoms (O/N/C). Regarding its local structure, the Cu(I) material could resemble copper(I) oxide (Cu 2 O), but the long-range order 2+ (left) with focus on the background nanoparticulate coating (right). Middle and bottom: XPS survey (middle-left), Cu 2p (middle-right), C 1s (bottom-left) and N 1s (bottom-right) core levels spectra of blue material deposited onto FTO; the black traces correspond to experimental data, the red traces to the simulated spectra obtained from the sum of the blue and green traces. of crystalline Cu 2 O was not detectable in the EXAFS (lowamplitude FT peaks at longer distance in metal-corrected spectra; Fig. S12 †) . The average distance of about 1.86Å of the Cu-ligand distance as determined by EXAFS simulations of the metal-corrected spectra conrms a mixture of Cu(I)L 2 and Cu(II) L 4 coordination geometries (L ¼ O/N/C, Table S1 †).
We nally performed XRD measurements on the Cu-based blue materials (See Fig. 2 for corresponding catalytic activities) . On the lms grown with a passed charge less than 1 C cm À2 , no crystalline phase could be detected. By contrast, thicker lms contain both crystalized metallic copper and copper(I) oxide. For example, lms grown with a passed charge of 4 C cm
À2
contain $20 nm metallic copper crystallites and Cu 2 O crystallites with size <5 nm (Fig. S13 †) . This clearly suggests an inuence of the thickness and structuration of the lms on the performances. The active blue material can thus be described as a composite mixture of metallic copper, copper(I) oxide (Cu 2 O) and an insoluble Cu(II)-based material as well as the organic ligand of the molecular Cu-based precursor. The most striking feature of this material resides in the fact that the activity is very much dependent on the choice of this ligand. On the other hand the best performances were obtained with lms containing Cu and Cu 2 O crystallites. Overall, this indicates that the blue material is unique in deriving its catalytic properties from synergetic contributions of its different, organic and inorganic, components. Considering the complex nature of the composite catalyst, further experiments are needed to understand its surface reactivity and reaction mechanisms. Whether a supported homogeneous catalysis, based on ligand-bound copper ions somehow integrated in the material or a metallic copper surface-based process, facilitated by the presence of organic molecules as reported in the case of cobalt-based water oxidizing catalytic materials, [28] [29] [30] remains an open question. In the rst case formic acid formation is likely to derive from CO 2 insertion into a metal-hydride intermediate. 31 In the second case, the mechanism is likely to involve an adsorbed CO 2 c À intermediate. 25 More specically, the exact role of the organic ligand in the activity of the blue material is intriguing. It might: (i) promote Cu active sites by coordination; (ii) participate in proton transfers as pendant amine functions do within electrocatalysts for H + /H 2 interconversion 32 or formate dehydrogenation;
33 (iii) capture CO 2 and increase its local surface concentration.
34,35

Conclusion
We have described a novel hybrid material, electrocatalytically active for the reduction of CO 2 . This material is promising for the following reasons, on route towards implementation of this new material into practical electrochemical cells:
-Its preparation through electrodeposition from a simple Cu(II) coordination complex is both straightforward and costeffective.
-It exhibits high catalytic activity at moderate overpotentials. The overpotential requirement is $150 mV. It thus compares well with the recently described Bi-based material selectively forming CO from CO 2 in acetonitrile with similarly low overpotentials. 13, 14 We note that the thermodynamic CO 2 -reduction potential in common ionic liquids have been recently reported to be comparable to the value measured in CH 3 CN.
36
-Remarkable selectivity for CO 2 reduction over H 2 evolution, high faradaic yield (90%) for the production of formic acid and signicant stability upon turnover are observed under optimized conditions. Metallic electrodes have been previously extensively studied under alkaline aqueous conditions and some of them (Sn, Bi, .) display similar selectivities for the production of formic acid.
37 By contrast, CO 2 reduction at metallic copper electrodes is known not to be as selective, whatever the nature of the electrolyte. 37 For example, metallic copper and Cu 2 O electrodes assayed under DMF/H 2 O conditions (Fig. S7 †) show lower selectivity for CO 2 -derived product as compared to the blue material, conrming previous studies carried out in MeOH. 15 We thus report here on the rst Cu- based material displaying a high selectivity for formate production.
-The current density measured at h ¼ 540 mV is about 1 mA cm À2 , which compares well to the activity of other Cubased materials recently reported. 38, 39 Routes towards higher current densities, allowing for a cost-effective process, include nanostructuration of the catalytic layer as recently demonstrated for tin-based electrodes. 40, 41 Furthermore, the importance of the organic ligand derived from the precursor, even though its exact function is still ill-dened, provides another opportunity for optimization. solutions in DMF + 3% water (see above, 6 mL) saturated with CO 2 (CO 2 was continuously bubbled through the solution during electrodeposition). The electrolysis was typically performed at À2.0 V vs. Fc + /Fc until a charge of 4 C has passed through the electrode. The blue material was then shortly immersed in fresh DMF for removing unreacted reagents on the surface.
Methods
Electro-catalytic CO 2 reduction assay
Electro-reduction of CO 2 was performed by applying a constant potential (typically À2.0 vs. Fc + /Fc) to the working electrode dipped in a stirred, CO 2 -saturated (through constant bubbling with a 5 mL min À1 ow) [Cu(cyclam)] 2+ -free DMF solution (3% water, 0.1 M n-Bu 4 BF 4 , 22 mL). A distinct procedure was used for detection and quantication of H 2 and CO: the solution was saturated (and the whole cell lled) with CO 2 though initial bubbling and then isolated during the electrocatalytic CO 2 assay. Some experiments have been performed with a smaller volume of electrolyte (8 mL) but, under such conditions, the catalytic current was less stable and the faradaic yield for production of formic acid dropped to 65%.
